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A general scheme is proposed here to describe the produc-
tion of semi soft and soft quarks and gluons that form the
bulk of the plasma in ultra relativistic heavy ion collisions.
We show how to obtain rates as a function of time in a self
consistent manner, without any ad-hoc assumption. All the
required features - the dynamical nature of QCD vacuum, the
non-Markovian nature of the production, and quasi particle
nature of the partons, and the importance of quantum inter-
ference eects are naturally incorporated. We illustrate the
results with a realistic albeit toy model and show how almost
all the currently employed source terms are unreliable in their
predictions. We show the rates in the momentum space and
indicate at the end how to extract the full phase-space depen-
dence.
There is a general consensus that the Quark Gluon
Plasma (QGP) phase of the Hadronic matter has already
been produced in ultra relativistic heavy ion collisions
(URHIC) at CERN. Future measurements at RHIC [1]
and LHC [2] are expected to provide more information on
QGP. Be it as may, it is still premature to claim that we
have a full grasp of the space-time history of QGP. The
dynamics of the production and the evolution of soft and
the semihard partons that form the bulk of the plasma
cannot be described by pQCD and it requires eective
eld approaches that are based on non-perturbative QCD
[3].
Indeed, a considerable eort has gone in addressing the
issue of evolution of QGP; starting with the pioneering
work of Bjorken [4] which was itself based on a highly
prescient work of Landau [5], a number of results have
been reported [6]. All these approaches are based on the
idea that the bulk of the plasma forms a classical gas,
and evolves via an appropriate transport equation. Ro-
bust that this approach is [7,8], it has to be admitted that
our understanding of the production process is not sat-
isfactory. Recall that the transport equations (set up by
incorporating The Yang-Mills (YM) dynamics) require
source terms that need to be specied in the extended
phase space (including the compact part corresponding
to the colour degree) as a function of time; their deriva-
tion consequently requires care: the basic uncertainty
principle should not be violated, and the multiple over-
lapping time scales that pervade the phenomenon should
not be ignored. It should correctly reflect the dynamical
nature of the vacuum [9], the non-Markovian nature of
the production rates [10], and the quasi-particle nature
of the excitations [11]. Unfortunately, the source terms
employed so far [12] make rather ad hoc and inadmissi-
ble adaptations of the Schwinger mechanism [13] which
is valid when the external eld is constant and uniform
[14]. None of the issues listed above is addressed by these
adaptations. The same is true of pQCD based descrip-
tions [15] as well where the production rates of the so
called secondary partons from the primaries as given by
the structure functions is studied.
In this paper, we outline a general scheme for deriv-
ing the source term that enters the transport equation,
based on simple but general considerations. The non-
perturbative aspects are modelled after the color flux
tube model [16] which is known to provide a natural
setting for discussing quark connement [17]. The time
dependence is extracted by studying not the rates from
an S-matrix computation, but by employing time depen-
dent perturbation; the state is studied as a function of
time in the Fock space. The approach is thus close to
the study of Rabi Oscillations in atomic systems [18]. To
describe it in short, after the two nuclei collide, and start
receding from each other, colour strings are forrmed be-
tween them. These strings merge to form the so called
colour rope, a picturesque way of stating that a chro-
moelectric eld (CEF) is produced between the nuclei.
Consequently the production process ensues due to the
instability of the QCD vacuum in the presence of a clas-
sical CEF which is , in general, space time dependent. Of
course, the dependence itself is to be obtained self con-
sistently from a transport equation [6]; here we merely
content ourselves by indicating how to infer the source
term given an explicit history of CEF. We study both the
qq and the gluon productions in an external YM eld be-
low. The gluon case is particularly interesting since the
production process is quintessentially non-abelian with
no counterpart in QED.
Formalism: Consider the gluon case rst. The gauge
potentials Aaµ are written as a sum of the classical values
Caµ and their fluctuations φaµ :< Aaµ >= Caµ. Expanding
the YM Lagrangian, the terms that are responsible for





+(∂µφaν − ∂νφaµ)(Cµbφνc + φµbCνc)
]
(1)
where we have kept terms quadratic in the fluctuations.
The production rate is to be determined from the above
Lagrangian, by a suitable choice of the background eld
Caµ.
Unlike in the Maxwell case, the YM elds are not
completely specied by the eld tensor [19]. It is well
known [20] that the consequent vacuum polarization also
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diers for each of the above (physically distinct) con-
gurations. It is thus pertinent to examine which are
the congurations that would make the vacuum unsta-
ble against particle production. We have checked that
a la the results for constant CEF [20] only the ‘abelian
conguration’ of the CEF leads to the quark and gluon
productions - atleast in the leading order. Keeping in
mind the model and invoking (local) gauge covariance
of CEF, we take the form of the gauge potential to be
Aaµ = δµ,0(f1(t, ~r)δa,3 + f2(t, ~r)δa,8) where we have the
group SU(3) in mind. The magnetic eld vanishes. It is
sucient to illustrate the physics by considering the lead-
ing order contributions. We project the state jΨ > (t) to
the two gluon state j~p1, ~p2; s1, s2; c1, c2 > labelled by mo-
mentum, spin and colour quantum numbers respectively.
The amplitude is given by






~C0,a(E1 + E2; ~p1 + ~p2; t)









is the incomplete Fourier transform of the gauge eld and
Ei are the energies carried by the gluons. The lower limit
of integration emphasizes that the CEF gets created at
t = 0 [21]. The analogous expression for the qq produc-
tion is given by









with the qq states written as j~p1, ~p2; s1, s2; c1, c2 >. T a
are the generators of the gauge group in the fundamental
representation. The gluons and the quarks that are in
the nal state are not the standard asymptotically free
states; they thus have overlapping projection with the
unphysical degrees of freedom. They survive even when
p2 6= 0;~(~p)  ~p 6= 0 We distinguish the physical pairs by
projecting the states onto the physical subspace, analo-
gous to the separation of the transverse part of the elec-
tromagnetic eld from the longitudinal part in the study
of radiation by charged particles. It is clear from Eqn.(2)
that the two gluon state is necessarily a spin symmetric
state, and is antisymmetric under the exchange either of
momenta or of colour indices.
The probability that a pair is produced any time dur-
ing the interval (0, t) is given by j < f jT (t)j0 > j2 .
The production rate at any time t is thus given by its
derivative at that instant; however, this quantity is not
guaranteed to be non-negative. For, the nal state is not
the usual asymptotic state of scattering theory. The par-
ticles have a nite life time. In other words, vacuum not
only acts as a source but also as a sink. Further, the rate
at any time depends not merely on the eld conguration
at that instant - it has a highly non-Markovian character,
being determined by the entire history. In short, quan-
tum interference eects dominate the production mech-
anism, and this cannot be accessed by the approaches
based on Schwinger mechanism and pQCD rates.
A model example: We now illustrate the main results
with an example drawn from its behaviour expected in
real situations [4]. Let Eai = δi,zE0(δa,3 + δa,8)exp((jzj −
t)/t0) with the initial eld strength given by E0. This
choice captures most of the features expected of a boost
invariant description, although it is by itself not a boost
invariant conguration. Notice that the eld is charac-
terised by a single time scale t0, in the units of which all
the observables may be expressed. Indeed, t0 gives the
decay time of the eld or equivalently, the overall ‘pro-
duction time’ of the gluons , while g may be related to
the string tension. Note that the initial energy density
U , t0 and g are not entirely independent of each other:
g U t40  1 [22]. We discuss the rate in the momentum
space and later indicate how to extract the full phase
space dependence of the rate from the amplitudes.
We have preferred to give the two particle rates be-
cause eventually they are the ones needed to study sig-
nals involving correlations such as J/Ψ suppression and
dilepton production. We show only a sample set of results
illustrating the features outlined above. Since the rate is
dened in a six dimensional space, appropriate sections
will be displayed as contour diagrams after scaling them
with respect to appropriate powers of t0, and E20 and g
2.
Consider the probabilities rst. The rst two gures show
the probability of gluon and quark pair production as a
function of time and of longitudinal momenta for repre-
sentative values pT = 5 and t = 2. The overall topology
in the two cases are dierent on many counts. While the
probability vanishes for the gluons when the longitudinal
momenta are equal and parallel, the quark probability
has its absolute maxima at p1L = p2L = 0, whatever be
the transverse momentum. The location and the num-
ber of peaks and troughs are also dierent. The standard
Schwinger mechanism based expressions used extensively
in literature [6] fail completely to capture this rich and in-
volved behaviour in the momentum space. These features
get accentuated even more in the rates for the gluons and
the quarks shown in the next four gures. We present the
rates for the total centre of mass energy
p
s = 0.6, and
the transverse momentum pT = 0.1 and vary time all the
way from 0 to 100. There are then two solutions for the
longitudinal momenta, one corresponding to parallel and
the other to antiparallel directions. We shall denote them
by (+,+) and (+,-) respectively. The rate is then exhib-
ited as contour plots in the plane dened by time and one
of the longitudinal momenta, for a xed value of centre
of mass energy and transverse momentum. Consider the
general features: First of all it is dicult to miss the rich-
ness shown by the rates for both gluons and quarks. It is
a highly fluctuating function of all the variables involved,
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changing signs rapidly. Indeed the vacuum is not just a
source, but is also a sink depending on where and when
we look at the production and whether it is the quarks
or the gluons. At any instant, it is a highly oscillating
function of momenta involved, and at any kinematical
conguration, it is again a highly oscillating function of
time.The fluctuations are more pronounced at very early
times and at small values of
p
s. The fluctuations are
also more dominant for very small and very large val-
ues of longitudinal momentum.However, the number of
(minor) oscillations increase as we increase
p
s. The max-
imum and the minimum values are roughly the same in
both the gluon and the quark channels. The parrallel
channel is overall relatively placid in comparison with
the (+,-) channel. Coming to the specics, the activity at
intermediate values of longitudinal momenta is more pro-
nounced in the (+,-) channel for a given value of
p
s, pT
in the gluonic sector while it is roughly the same in both
the channels in the quark sector. In short, these gures
exhibit in a vivid manner the production and absorption
of the quarks and the gluons in the momentum space as a
function of time. It displays the correlations involved in
the momenta of the pair, which are of vital importance in
analysing the screening lengths for, say, cc as a function
of time. Needless to say, none of the above features are
to be expected of the conventional approach employed so
far [6] where the source terms that are used lack physical
viability.
Finally, we outline the method of extracting the phase
space dependence of the rates. The procedure is to
project the the two gluon and the fermion pair amplitude
not to a momentum state as we have done above, but
onto a generalized coherent state in the extended phase
space consisting of fxi, pi, Qag which includes a compact
SU(3) manifold. In doing that we get a consistent clas-
sical picture. The compact part is especially important
since, unlike the electric charge, the colour charge is a dy-
namical variable, governed by the so called Wong equa-
tion [23]. We have performed a preliminary computation
and found that the phase space dependences of quark
and gluon rates bear no resemblence to each other; it is
evident even in the momentum space dependence shown
above. Those details will be presented in a separate com-
munication.
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